In this paper, we study the performance of millimeter wave (mmWave) vehicular communications (VCs) using non-orthogonal multiple access scheme (NOMA) at road intersections, since there areas are more prone to accidents. We study the case when the intersection involves two perpendicular lanes, we then extend the study to an intersection with several lanes. The transmission occurs between a source, and two destinations. The transmission experiences interference originated from a set of vehicles that are distributed as a Poisson point process (PPP). Our analysis includes the effects of blockage from buildings and vehicles at intersections. Closed form outage probability expressions are obtained. We show that as the nodes reach the intersection, the outage probability increases. Counter-intuitively, we show that the non line of sigh (NLOS) scenario has a better performance than the line of sigh (LOS) scenario. Finally, we compare the performance of mmWave NOMA with OMA, and we show that NOMA offers a significant improvement over OMA mmWave vehicular networks. The analysis is verified by Monte-Carlo simulation.
power control strategy of a direct transmission. In [18] , the authors investigate the impact of a line of sight and non line of sight transmissions at intersections considering Nakagamifading channels. The authors in [19] study the effect of mobility of vehicular communications at road junctions. In [20] - [22] , the authors respectively study the impact of non-orthogonal multiple access, cooperative non-orthogonal multiple access, and maximum ratio combining with NOMA at intersections. Following this line of research, we study the performance of VCs at intersections in the presence of interference. However, at the best of the author's knowledge, there are no prior works that consider both an intersection scenario with NOMA and considering mmWave networks. Our analysis includes the effects of blockage from the building and vehicles at intersections, and Nakagami-fading channels between the transmitting nodes with difference values of for LOS and NLOS are considered. Unlike other works that uses approximations, closed form expressions are obtained for Nakagami-fading channels.
II. SYSTEM MODEL

A. Scenario Model
We consider a mm-Wave vehicular network using a NOMA transmission between a source , and two destinations 1 and 2 . We consider an intersection scenario with two perpendicular roads, an horizontal road , and a vertical road .
Since both V2V and V2I communications 1 are considered, any node of the triplet { , 1 , 2 } can be on the road (e.g., vehicle), or outside the roads (e.g., infrastructure). We denote by the receiving node, and by the distance between the node and the intersection, where ∈ {1, 2}, as shown in Fig.1 . The angle is the angle between the node and the road (see Fig.1 ).
The transmission is subject to interference that are originated from vehicles located on the roads. The set of interfering vehicles located on the road that are in a LOS with { , 1 , 2 }, denoted by Φ LOS (resp. on the road, denoted by Φ LOS ) are modeled as a one-dimensional homogeneous Poisson point process (1D-HPPP), that is, Φ LOS ∼ 1D-HPPP( LOS , ) (resp.Φ LOS ∼ 1D-HPPP( LOS , ), where and LOS (resp. and LOS ) are the position of the LOS interfering vehicles and their intensity on the road (resp. road).
Similarly, the set of interfering vehicles located on the road that are in a NLOS with { , 1 , 2 }, denoted by Φ NLOS (resp. on the road, denoted by Φ NLOS ) are modeled as a 1D-HPPP, that is, Φ NLOS ∼ 1D-HPPP( NLOS , ) (resp.Φ NLOS ∼ 1D-HPPP( NLOS , ), where and NLOS (resp. and NLOS ) are the position of the NLOS interfering vehicles and their intensity on the road (resp. road). The notation and denotes both the interfering vehicles and their locations.
B. Blockage Model
At the intersection, the mmWave signals cannot penetrate the obstacles (e.g., building, vehicles), which causes the link to be in LOS, or in NLOS. The event of a link between a node and is in a LOS and NLOS, are respectively defined as LOS , and NLOS . The LOS probability function ℙ(LOS ) is used, where the link between and has a LOS probability ℙ(LOS ) = exp(− ) and NLOS probability ℙ(NLOS ) = 1 − ℙ(LOS ), where the constant rate depends on the building size, shape and density [23] .
C. Transmission Model
The transmission between the nodes and experiences a path loss, denoted − , where = ‖ − ‖, and is the path loss exponent. The path exponent ∈ { LOS , NLOS }, where = LOS , when the transmission is in LOS, whereas = NLOS , when transmission is in NLOS.
D. Medium Access Control (MAC) Protocol
The medium access protocols used in VCs are mainly based on carrier sense multiple access (CSMA) schemes (e.g., IEEE 802.11 p) [24] . However, [25] , [26] showed that the performance of CSMA tends to the performance of ALOHA in dense networks. Hence, we assume that vehicles use slotted Aloha MAC protocol with parameter , i.e., every node can access the medium with a probability .
E. NOMA Model
Several works in NOMA order the receiving nodes by their channel states [27] . However, we consider that the receiving nodes are ordered according to their quality of service (QoS) priorities, since it has been show that it is more realistic assumption [28] , [29] . We consider a scenario in which 1 needs a low data rate but has to be served immediately, whereas 2 needs a higher data rate but can be served later. This can be the case when 1 is a vehicle that needs to receive safety data information about an accident, whereas 2 can be a user that accesses the internet connection.
F. Directional Beamforming Model
We model the directivity similar to in [30] , where the directional gain, denoted ( ), within the half power beamwidth ( ∕2) is and is in all other directions. The gain is then expressed as
In this paper, we consider a perfect beam alignment between the nodes, hence = 2 . The impact of beam misalignment is beyond the scope of this paper, and can be a topic of future works.
G. Channel and Interference Model
We consider an interference limited scenario, that is, the power of noise is set to zero ( 2 = 0).
Without loss of generality, we assume that all nodes transmit with a unit power. The signal transmitted by , denoted is a mixture of the message intended to 1 and 2 . This can be expressed as
where is the power coefficients allocated to , and is the message intended to , where ∈ {1, 2}. Since 1 has higher power than 2 , that is 1 ≥ 2 , then 1 comes first in the decoding order. Note that, 1 + 2 = 1.
The signal received at is expressed as
where  is the signal received by , and is the message transmitted by . The messages transmitted by the interfere node and , are denoted respectively by and . The term Υ = 2 ∕(4 ) 2 models the directional gain, the reference path loss at one meter, and is the wavelength of the operating frequency.
The coefficient ℎ denotes the fading of the link − . The fading coefficient ℎ is distributed according to a Nakagami-distribution with parameter [13] , that is
where the parameter ∈ { LOS , NLOS }. Note that = LOS when − is in a LOS, whereas = NLOS , when − is in a NLOS. The parameter is the average received power. Hence, the power fading coefficient |ℎ | 2 is distributed according to a gamma distribution, that is,
The fading coefficients ℎ and ℎ denote the fading of the link − , and − . The fading coefficients are modeled as Rayleigh fading [31] . Thus, the power fading coefficients |ℎ | 2 and |ℎ | 2 , are distributed according to an exponential distribution with unit mean. The aggregate interference from the road at , denoted , is expressed as
where LOS denotes the aggregate interference from the road that are in a LOS with , and NLOS denotes the aggregate interference from the road that are in a NLOS with . Similarly, Φ LOS and Φ NLOS , denote respectively, the set of the interferers from the road at in a LOS, and in NLOS. In the same way, the aggregate interference from the road at , denoted , is expressed as
where LOS denotes the aggregate interference from the road that are in a LOS with , and NLOS denotes the aggregate interference from the road that are in a NLOS with . Similarly, Φ LOS and Φ NLOS , denote respectively, the set of the interferers from the road at in a LOS, and in NLOS.
III. NOMA OUTAGE EXPRESSIONS
A. Signal-to-Interference Ratio (SIR) Expressions
The outage probability is defined as the probability that the SIR at the receiver is below a given threshold. According to successive interference cancellation (SIC) [32] , 1 message is decoded first at the receiver since it has the higher power allocation, and 2 message is considered as interference. The SIR at 1 to decode its desired message, denoted SIR ( ) 1 , is given by
In order for 2 to decode its desired message, it has to decode 1 message. The SIR at 2 to
, is expressed as
The SIR at 2 to decode its desired message, denoted SIR ( )
B. Outage Event Expressions
The outage event that 1 does not decode its desired message, denoted O 1 , is defined as
where Θ 1 = 2 2 1 − 1, and  1 is the target data rate of 1 .
Also, the outage event that 2 does not decode its desired message, denoted O 2 , is defined as
where Θ 2 = 2 2 2 − 1 ( = 2), and  2 is the target data rate of 2 .
C. Outage Probability Expressions
The outage probability related to  1 , denoted ℙ( 1 ), is given when
where
The outage probability related to  2 , denoted by ℙ( 2 ) is given, when
where Ψ max = max(Ψ 1 , Ψ 2 ), and Ψ 2 = Θ 2 ∕ 2 .
Proof : See Appendix A. ■
IV. LAPLACE TRANSFORM EXPRESSIONS
In this section, we present the Laplace transform expressions of the interference from the road at , denoted  K , and from the road at , denoted  K .
The Laplace transform of the interference originating from the road at the received node denoted , is expressed as
The Laplace transform of the interference originating from the road at is given by
where is the angle between the node and the road. Proof : See Appendix B. ■
We only present the case when K = 2 due to the lack of space. The Laplace transform expressions of the interference at for an intersection scenario, when K = 2 are given by
and
Proof : See Appendix C. ■
V. SIMULATIONS AND DISCUSSIONS
In this section, we evaluate the performance of mmWave VCs using NOMA at road intersections. In order to verify the accuracy of the theoretical results, Monte-Carlo simulations are carried out by averaging over 10,000 realizations of the PPPs and fading parameters. Monte Carlo simulations are carried out, and they match perfectly the theoretical results, which validates the correctness of our analysis. We set, without loss of generality, LOS = LOS = NLOS = NLOS = .
= (0, 0), 1 = (100, 10), and 2 = (100, −10), = 9.5 × 10 3 [23], = 1. We set LOS = 2, (11) and (12)).
vehicles approach the intersection, both road segments contribute to the aggregate interference.
We can also see that the outage probability when ‖ − 1 ‖ = 100 m (‖ − 2 ‖ = 100 m) is higher than the outage probability when ‖ − 1 ‖ = 110 m (‖ − 2 ‖ = 110 m). This result is counter-intuitive because large distance decreases the path loss, and thus, it decreases the SIR at the receiver and increases the outage probability.
To investigate the effect of the distance between the transmitter and the receiver, Fig.3 depicts the outage probability as a function of the distance between the source and the destinations. We can see from Fig.3 that the outage probability increases, as the distance between the source and the destinations increases, until it reaches its maximum point and then it deceases. This because, as the distance between the transmitting and the receiving nodes increases, the LOS probability decreases, and the NLOS probability increases, which decreases SIR at the receiver, and hence, decreases the outage probability. We can also see that the peak of the outage probability is reached for different values of . In fact, we can see that for high values of , the peak is reached for short distances (‖ − 1 ‖ = 50 m and ‖ − 2 ‖ = 40 m). However, for low values of , the peak is reached for high distances (‖ − 1 ‖ = 110 m and ‖ − 2 ‖ = 90 m).
To show the effect of LOS and NLOS on the performance, Fig.4 plots the outage probability as function of for LOS transmission, NLOS transmission, and LOS/NLOS, that is equation (11) and (12) . We can see that LOS scenario has the highest outage probability. This is because, when the interference are in direct line of sight with 1 and 2 , the power of aggregate interference increases, hence reducing the SIR and increasing the outage probability. On the other hand, the NLOS scenario has the smallest outage probability, since the interference are in NLOS with the transmitting nodes. The model for this paper include a blockage model that includes both LOS and NLOS. Therefore, we wan see that the performance are between the LOS scenario and NLOS scenario, which are two extreme cases. Fig.5 compares the outage probability of mmWave VCs using NOMA and OMA. We can see that NOMA outperforms OMA. We can also see that when 1 = 0, 9, the outage probability of 1 decreases, and the outage probability of 2 increases. However, when 1 = 0, 7, the outage probability of 1 increases, and the outage probability of 2 decreases. This because for low values of 1 , there is more power allocated to 2 , which increases its SIR and decreases its outage probability. On the other hand, high values of 1 , means more power is allocated to 1 , which increases its SIR and its decreases its outage probability. Now, we investigate a more realistic intersection scenario involving several lanes. Fig.6 plots the outage probability as a function of for several values of the number of lanes. We can see from Fig.6 that the outage probability increases as the number of lanes increases. This because, when the number of lanes increases, the number of interfering vehicles increases as well, which increases the aggregate interference at the receiver, hence, increasing the outage probability.
VI. CONCLUSION
In this paper, we studied performance of mmWave VCs using NOMA at road intersections.
We studied the case when the intersection involves of two perpendicular lanes, and then extended the study to an intersection with several lanes. Our analysis included the effects of blockage from buildings and vehicles at intersections. Closed form outage probability expressions were obtained.
We showed that as the nodes reach the intersection, the outage probability increases. This makes intersections a critical areas. We also showed that that the peak of the outage probability is reached for different values of . We showed that for high density scenarios (high values of ), the peak is reached for short distances, whereas for low density scenarios, the peak is reached for high distances. Counter-intuitively, we showed that NLOS scenario has a better performance than LOS scenario. Finally, we compared the performance of mmWave NOMA with OMA, and we showed that OMA offers a significant improvement over cooperative OMA.
APPENDIX A
To calculate ℙ( 1 ), we express as follows
The probability ℙ( 1 ) is expressed as
We can notice from (20) that, when Θ 1 ≥ 1 ∕ 2 , ℙ( 1 ) = 0. Then, when Θ 1 < 1 ∕ 2 , and after
Since |ℎ 1 | 2 follows a gamma distribution, its complementary cumulative distribution function (CCDF) is given bȳ
hence (21) becomes
Therefore, we obtain
The exponential sum function when Z is an integer is defined as
then
We denote the expectation in equation (23) by ( , ), then ( , ) equals
Applying the binomial theorem in (26), we get
, (27) where Ω = Z Ψ 1 − Z Υ . To calculate the expectation in (27) , denoted  ( , ), we proceed as follows
where (a) stems form the following property
Finally, the expectation becomes
Then plugging (28) in (23) yields (11) . The expression of d −  K ( )∕d − ( ) and d  K ( )∕d ( ) are given by (37) and (38).
In the same way we express ℙ( 2 ) as
To calculate ℙ( 2 ) we proceed as follows
Following the same steps as for ℙ( 1 ), we get
When Θ 1 > 1 ∕ 2 , then ℙ( 2 ) = 1, otherwise we continue the derivation We set Ψ 2 = Θ 2 ∕ 2 , then Following the same steps as for ℙ( 1 ), we obtain (12) .
APPENDIX B
The Laplace transform of the interference originating from the road at is expressed as
where (a) follows from the independence of the fading coefficients; (b) follows from performing the expectation over |ℎ | 2 which follows an exponential distribution with unit mean, and performing the expectation over the set of interferes; (c) follows from the probability generating functional (PGFL) of a PPP. The expression of  K ( ) can be acquired by following the same steps.
APPENDIX C
In order to calculate the Laplace transform of interference originated from the road at the node , we have to calculate the integral in (13) . We calculate the integral in (13) for K = 2.
We set = cos( ), and = sin( ), then (13) becomes  K ( ) = exp − p K ∫ ℝ 1 + 2 + ( − ) 2 d ,
and the integral inside the exponential in (33) equals
Then, plugging (34) into (33), and substituting by sin( ) we obtain
Following the same steps above, and without details for the derivation with respect to , we 
